Abstract: Controlled synthesis of transition-metal hydroxides and oxides with earth-abundant elements have attracted significant interest because of their wide applications,f or example as battery electrode materials or electrocatalysts for fuel generation. Here,w er eport the tuning of the structure of transition-metal hydroxides and oxides by controlling chemical reactions using an unfocused laser to irradiate the precursor solution. O), depending on the laser wavelengths.W ep ropose two reaction pathways, either by photo-induced redox reaction or hydrolysis reaction, which are responsible for the formation of distinct nanostructures.T he study of photon-induced materials growth shines light on the rational design of complex nanostructures with advanced functionalities.
Laser has been used for the study of photon-matter interactions for decades since its invention in 1960s, [1] and avariety of synthetic methodologies,such as laser pyrolysis, [2] pulsed laser deposition, [3] have been developed for the production of functional composite materials.I nr ecent years,i ntensive studies have focused on nanomaterials syntheses using laser ablation/irradiation in solution phases, [4] and two liquid-based laser techniques,t hat is, pulsed laser ablation of as olid target in liquids (PLAL) [5] and pulsed laser irradiation of colloidal nanoparticles in liquids (PLICN), [6] have been widely adopted. From these techniques,diverse complex nanoparticles and nanostructures have been fabricated, and deeper understanding of the materials formation from the laser-matter interactions has also been addressed.
[6c] In contrast to the "top-down" synthesis of the laser ablation of bulk solids in liquids,a"bottomup" method, that is,p ulsed laser irradiation of ap recursor solution, where nucleation and growth of materials are expected from the laser-mediated chemical reactions,i sa lso apromising liquid-based laser protocol for complex materials design. [7] Using laser photons to initiate and control the chemical reactions to yield certain products has always been ac entral mission in laser chemistry,a nd exceptional achievements have been accomplished in laser-controlled reactions in molecular science.I ti sa lso expected that laser photons can be used to control chemical reactions in solutions for the design of diverse complex materials, [7a-c] although understanding is limited. So far,laser irradiation has been successfully applied to several precursor solutions,m ostly those containing noble metal ions, [7b] from which noble metal nanoparticles or alloys,s uch as Au-Ag, [8] Rh-Pd-Pt, [9] have been obtained. Despite all these achievements,t he reaction mechanisms in the laser solution chemistry for materials growth are still far from fully understood. Herein, we aim to unravel the different pathways of laser-mediated chemical reactions in aqueous precursor solutions,and to demonstrate the flexibility and diversity of laser solution chemistry for tailoring various complex nanostructures.A na queous precursor solution containing Ni(NO 3 ) 2 ,M n(NO 3 ) 2 and Co-(NO 3 ) 2 was selected as am odel system, and an unfocused nanosecond pulsed laser (9 mm in diameter) with pulse energy of 750 mJ at 1064 nm and 350 mJ at 532 nm was used for the laser irradiation experiments.B oth the powder products and precursor solutions after laser irradiation were collected for examination. Figure 1s hows the morphology,c omposition and metal valences of the product when the 532 nm laser was applied to the precursor solution. Thep roduct contains mostly hollow nanospheres with homogeneous elemental distribution of Ni, Mn, Co and O (Figure 1a ). High-resolution TEM images (see Figure S1 in the Supporting Information) show that the structure of the as-produced particles is similar to cobalt manganese oxide (JCPDS number 18-0409), which is atetragonal spinel structure intermediate between MnCo 2 O 4 (cubic) and Mn 3 O 4 (tetragonal). Soft X-ray absorption spectroscopy (XAS) was used to determine the valence states of metal ions in the as-prepared powder. Thef ine structures in the XAS spectra ( Figure 1b) i ndicate that the nickel has ao xidation state of 2 + ,c obalt also stays mainly as 2 + ,a nd manganese has am ixed valence states of 2 + /3 + /4 + . [10] Based on the EDS analysis,w ef ormulate this compound as Ni 0.18 Mn 0.45 Co 0.37 O x .
Laser irradiation of solutions can induce electronic and/or vibrational excitation of reagent molecules/ions, [1e, 11] which can trigger certain chemical reactions and lead to the nucleation and growth of certain materials.
[7a-c] Under 532 nm laser irradiation, water molecules can be ionized due to multi-photon excitation. [8] Thus,v arious reactive species, [12] including solvated electrons (e aq À ), hydrogen radicals (HC), hydroxy radicals (OHC), and H 3 O + ,c ould be generated within 10 À12 s, then they react with each other and/ or the surrounding molecules in atimescale of 10 À12 -10 À6 s. [13] Thef ree metal ions (M x+ )i nt he aqueous solution could be reduced into pure metal (M 0 )instantaneously by the e aq À and HC in an anosecond laser pulse.T his explains the particle growth when use as hort-wavelength laser to irradiate the aqueous solution of noble-metal salts,w here pure metal nanoparticles were produced. [8, 14] In this study,t he as-grown transition-metal nanoparticles are prone to fast oxidation in the aqueous solution because of the oxidative nature of the laser-induced OHC radicals.O nce at hin oxide is formed, the Kirkendall effect, [15] or selective laser irradiation [16] of the oxidized metal nanoparticles leads to the formation of hollow metal-oxide nanoparticles (Figure 1a and Figure S1 ).
Besides the electronic ionization of water molecules by the 532 nm laser,w ed iscovered another major reaction pathway for accessing distinct complex nanostructures when 1064 nm laser irradiation in the aqueous solution was performed. Figure 2p rovides the structure information of the assynthesized composite produced by the 1064 nm laser irradiation of the aqueous precursor solution containing Ni 2+ ,Mn 2+ and Co 2+ .T he XRD pattern reveals that the material is isostructural with the rhombohedral a-nickel hydroxide (JCPDS 380715, line markers in Figure 2a) , where the d spacing of the (003) peak is about 7.0 .T he thermogravimetric analysis (TGA, Figure 2b )shows a26% weight loss of the material below about 280 8 8C, corresponding to an 8%loss of absorbed and structurally bonded water and an 18 %l oss due to the evolution of H 2 Oa nd NO 2 upon heating of ah ydroxide material. In the Fourier transform infrared spectra (Figure 2c) (Figure 3a) s hows that the particles of the as-prepared nanocomposite have as nowflake-like structure with diameters of 60 nm and thicknesses of 20 nm. Slight compositional segregation, where Ni and Co ions are rich in the center and Mn ions are rich at the edge of the particle,w as identified from the EDS mapping (see Figure S2 ). TheXAS spectra (red lines in Figure 3c )indicate that the valence states of the Ni, Mn, and Co ions mainly stay as 2 + ,2+ /3 + ,a nd 2 + ,r espectively.
We then add lithium nitrate into the laser-chemical synthesis,c onsidering that Li ions may be inserted in the crystal lattice of the nanoflakes,w hich gives us chances to further tune structure of the material via one-step laser irradiation. As ar esult, similar snowflake structure was formed by adding Li + (Figure 3b) , and the high-resolution TEM image shows that the nanoflake has alayered structure with al ayer lattice spacing of 0.71 nm (corresponding to the (003) peak on the XRD pattern in Figure 2a ). We also found more severe compositional segregation in the particle (Figure 3c )c ompared to the one without Li + ,w hich results in ac ore-shell structure with aN i/Co-rich core and aM ncontaining shell. Concomitantly,t he metal ions were promoted to their higher valence states (Figure 3d) , especially for Mn ions whose valencyhas increased from 2 + /3 + to 4 + . Consequently,anincreased intensity of the pre-edge of OKedge (ca. 529 eV,m arked with an asterisk) was detected, which is uniquely associated with the 3d metal-derived states (Mn3d-O2p) of higher valency Mn ions, [19] similar to that of MnO 2 .
[19b]
To further understand the laser-induced reaction mechanisms,weinvestigated the chemical evolution occurring in the solutions as they were exposed to laser irradiation at different times.Upon laser irradiation, the original bright-red solution darkened, and precipitates formed in the solution after 40 min laser irradiation ( Figure S3a ). TheF T-IR spectra of the solutions in Figure 4a display the major vibrational absorptions of OH, H 2 O, and NO 3 À from the aqueous nitrate solution, as well as weak absorption bands related to the precipitates.I nF igure 4b,i tc an be clearly seen that two obvious absorption bands appear around 1086 cm À1 and 1045 cm À1 .T hese two bands are too high for the OO À stretching modes of peroxide moieties (such as MOOH or MOOM), which are usually in the 920-740 cm À1 region. [20] However,t hey are quite similar to the OO À stretching frequencies where as uperoxo bridge forms between two metal centers,s uch as the as-reported superoxide moiety . [21] It is likely that, under these conditions,the superoxobridge configuration of complex metal hydroxides (such as NiOOMn or CoOOMn) forms as ab onding pathway upon laser irradiation of the aqueous nitrate solutions.
In addition, several -OH bending absorption bands in the fingerprint region, shown as B1 (510-505 cm À1 ), B2 (463-450 cm À1 )a nd B3 (430-420 cm À1 )i nF igure 4c (also see Figure S3b ), are also identified, indicating the formation of Ni/Co(OH) 2 ,O Co(OH), and Mn(OH) 2 clusters [15] in the solutions upon laser irradiation. By examining the UV/Vis absorption of the solutions (Figure 4d Based on the above analyses,wesummarize two reaction pathways for tailoring different materials when use laser light of different wavelengths (that is,5 32 nm or 1064 nm) to irradiate the precursor solution (Scheme 1). Fort he 532 nm laser irradiation (Path I), due to multi-photon ionization excitation of the liquid water molecules,r eductive species such as solvated electrons (e aq À )a nd hydrogen radicals (HC) could be released in the solution, [6] and reduce the free metal ions (M x+ )i nto pure metal atoms (M 0 ). Prolonged laser irradiation causes accumulation of metal atoms which leads to the nucleation/growth of metal nanoparticles.Because of the high reactivity of 3d metals,t he as-formed metal nanoparticles are prone to surface oxidation, and hollow transitionmetal-oxide nanoparticles could form via laser-heating-promoted Kirkendall effect on the oxidized metal nanoparticles. [10] Fort he 1064 nm laser irradiation, since liquid water molecules have combined vibrational absorptions in the wavelength range of 500-1200 nm, the laser photons can stretch H-O-H bonds through intense vibrational excitations, where the ionization of H 2 Om olecules seems weak. Meanwhile,w ef ound that the existence of Ni ions can highly promote the reaction rate.T he three-spin-allowed electronic transitions of d 8 Ni 2+ ,t hat is, 3 A 2g (F)! 3 T 1g (P), 3 A 2g (F)! 3 T 1g (F) and 3 A 2g (F)! 3 T 2g (F) with absorption bands around 365 nm, 650 nm, and 1080 nm, [22] respectively,c ould be excited by the laser, which may transfer more energy to the vibrational states of water molecules and make them much stretched. Because of the enhanced reactivity of stretched water, [23] the complex hydrolysis reactions between the activated hydroxy radicals and the positively charged metal ions can be initiated, resulting in the growth of complex hydroxides.The major chemical reactions could be written as shown in Equations (1)- (8) .
In summary,w eh ave tailored the structure of transitionmetal hydroxides and oxides by controlling chemical reactions using an unfocused laser beam to irradiate the precursor solution containing multiple 3d metal ions.T wo distinct reaction pathways were unraveled when selecting different laser wavelengths (532 nm or 1064 nm). The532 nm laser can induce ionization excitation of water molecules and release reducing species such as solvated electrons (e aq À )a nd hydrogen radicals (HC)inthe solution, which then reduce the metal ions into metal nanoparticles,a nd further laser heating then leads to hollow metal-oxide nanoparticles.W hen a1 064 nm laser is used, vibrational excitation of water molecules become the dominant events,t he OH groups of water molecules are considerably stretched, which facilitates the hydrolysis reaction of metal ions and results in the growth of complex hydroxide nanostructures.Itwas also discovered that the structure and metal valences of the complex hydroxides can be easily tuned by either changing the ratio of metal components or introducing additional ions (such as Li + )inthe precursor solutions.F uture work using the laser solution chemistry will aim at design of more functional nanocomposites and including correlation of the described structural properties with advanced materials performances such as the photo/electrocatalysis.
